Introduction
National stock markets often suffer negative returns on days following a country's elimination from major sporting events (Edmans et al., 2007) . While events such as this are not easily explained by traditional economic theory, where actors are assumed to be rational, they may be understood using a behavioral endocrinological account. One candidate proximate mechanism mediating financial decision-making is the hormone testosterone. While baseline differences in testos- Psychoneuroendocrinology (2014) 39, 58-64 
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terone explain some individual differences in financial risktaking (Apicella et al., 2008; Stanton et al., 2011) and account for some of the observed sex differences in risktaking (Sapienza et al., 2009) , there is much reason to suspect that transient changes in testosterone may also influence financial risk-taking (Goudriaan et al., 2010) . If so, these changes may help to explain documented behavioral phenomena such as the sensitivity of economic markets to sporting outcomes (Edmans et al., 2007) .
While accumulating evidence over the past two decades has demonstrated widespread effects of circulating testosterone on the social behavior of males in many species, including its effects on aggression (Archer, 2006) , mateseeking (Roney et al., 2003) , dominance (Kemper, 1990; Mazur and Booth, 1998) and profitability in men (Coates and Herbert, 2008) it has also, conversely, demonstrated that men's testosterone levels respond to their social milieu and status. For instance, testosterone rises during brief interactions with attractive women (Roney et al., 2003; Ronay and von Hippel, 2010) and with the anticipation of a social challenge or contest (Wingfield et al., 1990; Mazur and Booth, 1998) . Also, winners of competitive challenges often experience a relative increase in testosterone compared to losers; a differential response that primarily occurs in men (Bateup et al., 2002) and applies to physical competitions, such as tennis (Booth et al., 1989) , non-physical competitions, such as chess (Mazur et al., 1992) and political contests and chance-based competitions such as coin-tosses (McCaul et al., 1992) .
Findings such as these suggest that testosterone acts as a physiological modulator of behavior, allowing male organisms to appropriately adjust their behavior to changing social environments (Oliveira, 2004) . Males across a range of species engage in risky and competitive behaviors in response to increases in testosterone, particularly during the breeding season (Wingfield et al., 1990) . As an example, mating calls by males are risky because they expose males to increased risk of predation, but they also attract more females. Indeed, recent work also suggests that testosterone has motivational effects on human males to compete and take risks. In athletes, pre-training concentrations of testosterone correlate with men's voluntary workloads during training sessions (Cook et al., 2013) . Men are also more likely to perform physically risky stunts in the presence of attractive women and this increase in risky behavior is explained by rising levels of testosterone in the men (Ronay and von Hippel, 2010) . These motivational effects of testosterone have also been noted in non-physical domains. For instance, an increase in testosterone following success in a cognitive spatial task against an opponent predicts men's willingness to participate in another competition against the same opponent (Mehta and Josephs, 2006) . Finally, testosterone changes following a competitive line-tracing task also predict future aggressive behavior in men (Carré et al., 2009) . In short, transient increases in testosterone work to promote socially competitive and risky behaviors in males, precisely when those behaviors are likely to be profitable and not when they are likely to be costly (Oliveira, 2004; Apicella and Cesarini, 2011; Eisenegger et al., 2011) .
While the pathway through which testosterone produces its motivating and competitive effects are not clearly defined, research suggests that testosterone exerts positive hedonic effects by activating mesolimbic dopaminergic pathways involved in incentive processing such as in the ventral striatum (Hermans et al., 2010) and more specifically the nucleus accumbens (Frye et al., 2002) . Event-related functional magnetic resonance imaging research has implicated these same pathways in feelings of positive arousal and in anticipation of financial rewards (Knutson et al., 2001) . In fact, greater activation of the nucleus accumbens is observed before individuals select risky relative to safe monetary gambles but this same activation is not observed prior to making safe relative risky monetary decisions (Matthews et al., 2004) .
This behavioral plasticity to varying levels of testosterone likely evolved because it, on average, benefited males (Oliveira, 2004 ), but it is also possible that it could lead to irrational decision-making. This may be especially true in evolutionarily novel domains, such as financial decision-making or when changes in testosterone resulting from one event influence the behavior of an organism in a separate and independent event. Indeed, if changes in testosterone influence financial decision-making in men, this may help to explain a number of documented behavioral economic phenomena such as (a) the house money effect (an increase in risk-seeking following a prior gain) (Thaler and Johnson, 1990) , (b) increases in financial risk-taking by men following physical contact with a woman (Levav and Argo, 2010) and (c) national stock market declines after a country's sports team experiences a defeat (Edmans et al., 2007) .
While little work has examined whether changes in testosterone influence financial risk-taking, few studies have examined the relationship between testosterone on economic decision making more generally. For instance, correlations between financial risk-taking and baseline testosterone (Apicella et al., 2008; Stanton et al., 2011) and 2D:4D digit ratios (Sapienza et al., 2009; Branas-Garza and Rustichini, 2011) , a proxy for prenatal testosterone exposure, have been reported. However, the findings have been mixed. While Apicella et al. (2008) reported a linear relationship between salivary testosterone concentrations and the amount of money invested in a risky gamble, Stanton et al. (2011) found that men with both low and high levels of testosterone were risk neutral, whereas individuals with intermediate levels of testosterone were risk averse. Other studies have found no relationship between baseline testosterone and financial risk (Sapienza et al., 2009 ) and economic competitiveness . Researchers have also examined the organizing effects of testosterone on the brain during critical periods of development. For example, a lower ratio between the second finger and fourth finger (2D:4D, digit ratio), which is thought to reflect greater exposure to testosterone in utero (Manning et al., 1998) has been associated with increased profits and risk taking in high-frequency traders Coates & Page, 2009) . Negative relationships between 2D:4D and financial risk have also been found in less specialized populations (Branas-Garza and Rustichini, 2011; Dreber & Hoffman, 2007) . Yet, some studies have also yielded null or mixed results. Apicella et al. (2008) did not find a relationship between 2D:4D and financial risk in an ethnically heterogeneous sample of men. Similarly, Sapienza et al. (2009) did not obtain a significant relationship between 2D:4D and financial risk-taking in a mixed-sex sample of students, though students with lower 2D:4D were more likely to select financial risky careers. One possibility for these mixed findings is that transient changes in testosterone may also be important in mediating behaviors associated with risk. Yet, little work has examined this.
We contribute to this important body of research by focusing on the role of testosterone change in financial risk. Specifically, we investigate whether natural changes in testosterone, following wins and losses in a monetary competition, influence future financial risk-taking. Since there is much evidence that the magnitude of testosterone responses in men varies (Cohen et al., 1996; Pound et al., 2009 ) and that increases in testosterone influence other behaviors associated with competition and risk-taking, we hypothesize that individual differences in testosterone reactivity will be associated with financial risk-taking.
Method 2.1. Experimental procedures and design
The experiment and all procedures were approved by the Harvard University's Committee on the Use of Human Subjects in research. When arriving at the laboratory, participants immediately signed consent form and where thereafter seated in private cubicles in the lab. Before any instructions about the experiment were given, the first saliva sample was collected in 2 ml cryovials via passive drool. The second saliva sample was collected on average 30 min after the competition.
For the competition, participants played 15 rounds of Rock, Paper, Scissors (RPS) against an opponent. RPS is a chance-based game with no pure strategy Nash equilibrium, but a mixed-strategy equilibrium is to play randomly.
1 Participants were randomly paired with another participant and each pair was taken to an adjacent room by a female experimenter. They were seated at a table opposite one another and each were given three laminated cards with the RPS symbols from which to choose.
Participants also had a pile of one-dollar bills placed on the table in front of them. The participant who won the most rounds of the game was declared the winner. In the event of a tie an additional round(s) was used to determine a winner. The pairs were assigned to one of two monetary treatments (5USD or 15USD). Depending on the treatment, each individual in the pair had either 5USD or 15USD placed in front of them. Each participant had the same amount of money in front of them as their opponent and in both conditions the participants could, over the course of the 15 rounds, either win 5USD or lose 5USD from/to their opponent. We specifically designed the study such that the winners from the 5USD condition, whose resulting income would be 10USD, could be directly compared to the losers from the 15USD, whose resulting income would also be 10USD. These conditions were put into place given the possibility that earnings could directly affect both testosterone and risk-aversion. Thus we compare the winners from the 5USD condition to the losers from 15USD condition since both groups have the same resulting income of 10USD (n = 49).
After the competition, participants were escorted back to the computer lab where they participated in a non-incentivized filler task. Thereafter, risk attitudes were elicited by having participants make ten computerized choices between a certain amount of money that varied, in increments of 1USD, from 1USD to 10USD and a lottery with a 50 percent chance of winning 10USD. The lottery remained the same in all ten choices and was determined with a coin toss. The task was incentivized and participants were told that one of their choices would be selected at random to determine their earnings. This risk elicitation task is standard in the literature and follows Holt and Laury (2002) . The number of times a participant chose the certain payoff is a standard measure of risk aversion and an average of 5.5 indicates risk neutrality, whereas a lower score indicates risk loving behavior and a higher score indicates risk aversion.
After having been paid their earnings from the experiment in private, participants filled out a questionnaire that contained questions about age, sexuality, relationship status and potential use of psychotropic or steroid medications.
All saliva samples were frozen immediately after collection and stored at À20 8C. At the end of the data collection period, all samples were packed in dry ice and shipped via Fed Ex, overnight delivery, to Salimetrics LLC, State College, PA for assaying. Saliva samples were assayed for testosterone in duplicate using a highly sensitive enzyme immunoassay (Salimetrics). The test uses 25 ml of saliva per determination, has a lower limit of sensitivity of 1.0 pg/ml, standard curve range from 6.1 pg/ml to 600 pg/ml, an average intra-assay coefficient of variation of 4.6 percent and an average interassay coefficient of variation of 9.8 percent. Method accuracy determined by spike recovery average 104.3 percent and linearity determined by serial dilution average 102.4 percent. The serum and saliva correlation for males and females combined in this test is r(26) = 0.96, p < 0.001. Salivary measures quantify bioactive or free testosterone concentration and research suggests that salivary testosterone levels in men are highly correlated with both serum free and total testosterone levels in males (Granger et al., 2004) . While there are many benefits of using saliva to measure testosterone there are some limitations, including the possibility that testosterone-behavior correlations may be underestimated (for a review of limitations see Granger et al., 2004) .
Subjects
Male participants were recruited through the Harvard Decision Science Laboratory, which has a subject pool consisting of students and other inhabitants in the Boston metropolitan area. The laboratory does not employ deception and makes this clear to subjects. In the recruitment processes, subjects were informed that they were not allowed to eat or drink anything except water for at least an hour before the start of the experimental session for which they signed up. Subjects were again reminded of this rule on the day before their participation. Subjects were given a show up fee of 10USD.
Nineteen experimental sessions with a total of 108 men were conducted. Six men were excluded because they reported taking psychotropic or steroid medications. Four additional subjects were excluded from the analyses due to intoxication (1), reported food intake immediately before or during salivary collection (2) and visible contamination of the saliva sample with plasma due to a cut (1). These samples were not assayed. Due to our experimental design, where we control for income effects, data was analyzed for 49 subjects. Sessions lasted 45 min and participants earned on average 25.6USD. Sessions were conducted between 9.30am and 5.30pm during five consecutive weekdays. Of the subjects included in the analyses, ages ranged from 18 to 64 (M = 35, S.D. = 14.9). 38 percent of the subjects were students. The majority (64 percent) of the participants described themselves as white but other races were represented. These included black or African-American (9 percent), Hispanic (7 percent) and Asian (9 percent). The majority of subjects were also single (67 percent), whereas 16 percent were in a relationship but living alone and 18 percent were in a relationship living together. 84 percent of our subjects reported that they were heterosexual while 14 percent and 2 percent reported that they were homosexual and bisexual, respectively. Most of the participants did not have children though 9 percent of the participants reported having at least one child.
Results
Baseline testosterone does not differ between winners and losers (t-test p = 0.5407). There was an overall rise in testosterone in 73 percent of the participants before and after the competition (the average change in testosterone looking at all subjects is 27.82 pg/ml, corresponding to an increase of 26 percent). This is, to our knowledge, the first time increases in testosterone have been associated with a financial challenge. The change in testosterone was also associated with the outcome of the competition, though and as expected from previous studies (Pound et al., 2009) , there is substantial inter-individual variation in the change. On average, winning men's testosterone levels increased 12 percent more than losing men (see Table 1 ). For men who won by a tighter margin that increase was even greater; the closer the final scores were between the participants or the more fierce the competition, the greater the increase. In a regression analysis (OLS) controlling for the difference in score between the player and his opponent, winning leads to a significantly greater increase in testosterone compared to losing (coeff = 44.92, p = 0.020).
Changes in testosterone significantly predict risk aversion (see Fig. 1A ). In a regression analysis (OLS, see Table 2 ) we find that men who experience an increase in testosterone are less risk-averse (coeff = À0.015, p = 0.009). To isolate the importance of changes in testosterone on risk-aversion following the competition, we also include a control for the binary winner variable. We still find that the greater the testosterone increase, the lower the risk aversion (coeff = À0.014, p = 0.020). Whether participants won or lost in this model does not predict risk-aversion (coeff = À0.44, p = 0.404), providing strong evidence that it is changes in testosterone that influence risk-taking in men and not the act of winning or losing itself or other biological mechanisms that are orthogonal to T.
The result is also robust when we control for both the winner variable and the difference in score between the competing pair (coeff = À0.016, p = 0.022), and when we include additional control variables to the previous regression (coeff = À0.021, p = 0.011). As an additional robustness check, we also perform the complete analyses using Tobit regressions and ordered probit regressions. The results are very similar to those from the OLS both qualitatively and in terms of statistical significance.
On average, participants made choices exhibiting more risk aversion than the risk neutral, profit maximizing choices. However, participants in the quintile with the largest testosterone increase made decisions that were risk neutral and profit-maximizing. Conversely, participants in the quintile with the largest testosterone decrease had a risk aversion score almost 40 percent higher than the risk neutral score (see Fig. 1B ). Our results suggest that testosterone reactivity to competitive outcomes influences risk-aversion in men in ways that influence their financial payoffs.
Discussion
There is ample heterogeneity in economic preferences both within and between individuals -an observation that has motivated a large body of research to try to explain why these differences exist. Despite considerable efforts, individual differences in economic decision-making remain largely unexplained (Camerer, 2003) . One possible reason is that traditional attempts to understand economic behavior have been made under the assumption that preferences are stable within individuals (Stigler and Becker, 1977) . While relatively stable individual differences do exist, it is clear that pre- ferences are flexible with the most extreme occurrence being preference reversal (Tversky and Thaler, 1990) . The failure to find robust correlates to variation in economic preferences suggests that other factors, largely independent of socio-demographics, such as biological, psychological and situational sources, as well as their interactions, account for some of the variation between and within individuals. Here we demonstrated that individual differences in testosterone reactivity in response to a situational event are associated with financial risk-taking. Our result challenges the classical assumption in economics that preferences are stable within individuals and leads to testable predictions of how preferences may vary within an individual (and in groups) depending on context. The extent to which biological factors mediate differences in economic decision-making is a current source of investigation (e.g. Burnham, 2007) . While previous research suggests that baseline differences in testosterone may account for differences in risk preferences between men (Apicella et al., 2008; Stanton et al., 2011) and that male traders' profits increase on days when their testosterone is highest (Coates and Herbert, 2008) , our findings are the first to directly link individual differences in testosterone reactivity to financial risk in men. Moreover, we provide strong evidence that it is testosterone change, rather than the act of winning or losing money, that influences future financial risk; a result that indicates that variation in risk preferences can be explained by individual variation in testosterone reactivity to social events, such as winning or losing money in a competition.
While our results support the theoretical framework that changes in testosterone in men should modulate risky and competitive behaviors we cannot rule out that another variable correlated with testosterone could jointly or independently affect men's willingness to take risks. Of particular concern is the potential role of cortisol, the end product of the hypothalamic-pituitary-adrenal (HPA) axis, whose primary task is to modulate stress reactions. It is possible that the outcome of RPS game could have influenced cortisol levels in men, which could have directly affected men's willingness to take risks. It is also possible that changes in cortisol resulting from the game may have indirectly influenced risk-taking through its affects on testosterone. The HPA and the hypothalamic-pituitary-gonadal (HPG) axes are not independent of one another and increases in testosterone can inhibit cortisol and similarly rises in cortisol can work to inhibit testosterone (Viau, 2002) . Furthermore, previous research has documented changes in cortisol with winning and losing competitions (Mehta et al., 2008; Jiménez et al., 2012; Aguilar et al., 2013) . However, it is worth noting that recent research has not found a relationship between baseline levels of cortisol and a measure of economic competitiveness . Similarly, a study examining cortisol levels in high frequency traders found no relationship between cortisol levels and profits and losses but did find that cortisol rises when the variance in trading results are high (Coates and Herbert, 2008) . Still, there is very little research examining the role of cortisol on financial risk-taking and thus, any conclusions drawn from this limited body of work would be premature. Future work should examine the simultaneous influence of cortisol and testosterone on economic decision-making including risk.
Future work employing direct manipulations of testosterone on financial risk-aversion would also be a useful next step. A recent study employing the exogenous administration of estradiol and an aromatase inhibitor to manipulate concentrations of testosterone and estradiol in men found that men whose intervention resulted in both high-normal testosterone and low-normal estrogen levels became more risktaking (Goudriaan et al., 2010) . However men whose intervention resulted in low-normal testosterone and high estradiol did not exhibit an increase in risk-taking. While this change in risk preferences was only found for one risk task involving unknown probabilities and not for another task, involving known probabilities, the authors state they were unable to account for the simultaneous variation in estradiol. Wibral et al. (2012) find that men who receive testosterone become less likely to cheat in a task with economic consequences compared to men who receive placebo. Zethraeus et al. (2009) examined the effects of testosterone administration over four weeks on risk aversion in a sample of postmenopausal women but did not find an effect. However, it is not clear that men and women should react similarly to circulating levels testosterone. Compared to men, women have less androgen-responsive neurons, rendering them less responsive to the behavioral influences of testosterone (Wood and Newman, 1999) . Likewise, critical periods of exposure to testosterone, such as in utero, are thought to have organizing effects on the brain affecting how individuals respond to the activating effects of testosterone (as shown in e.g. Montoya et al., 2013 on moral decision making). Accordingly, research examining the effects of testosterone change on behavior should ultimately be wedded with research involving testosterone exposure during other periods of development.
The significance of our results not only depend on how closely tied men's risk preferences are to changes in their testosterone levels, but also to how readily changeable testosterone is within men. If testosterone were stable in men, our findings would bear little significance. However, testosterone levels are not static and vary in predictable ways. Changes in testosterone have been linked to exercise (Weiss et al., 1983) , mate-seeking (Roney et al., 2003) , competitive challenges (Wingfield et al., 1990; Mazur and Booth, 1998) , victories and defeats (Booth et al., 1989; Mazur et al., 1992; McCaul et al., 1992) as well as major life events such as marriage and fatherhood (Gray et al., 2002; Gettler et al., 2011) . Likewise, many of these events have also been linked to changes in risk-taking in ways that are consistent with what we would expect if the phenomena were mediated by testosterone.
Our findings also offer an important complement to current theories of financial risk-taking, such as prospect theory, by showing how independent and unrelated events may influence financial decision-making in men through their actions on testosterone. Indeed, this may help to explain a number of documented behavioral economic phenomena, such as the house money effect (Thaler and Johnson, 1990) , increased financial risk in men following physical contact with a woman (Levav and Argo, 2010) and national stock market declines after a country's sports team experiences a defeat (Edmans et al., 2007) . To the extent to which we can predict events that influence testosterone levels in individuals and in groups, we would be in a better position to predict the behavior of not only individual investors but also market economies. Many instances of unexplained collective phenomena, such as crowd effects or herd behavior have been documented in financial markets and it is possible that changes in testosterone at the group level may help us to better understand these observations. We look forward to research investigating these possibilities further and note that one important part of this future research is to address the differences and similarities in the role of testosterone for both men's and women's risk taking.
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